We use photo-electrons as a non-contact probe to measure local electrical potentials in a solid-oxide electrochemical cell. We characterize the cell in operando at near-ambient pressure using spatially-resolved X-ray photoemission spectroscopy. The overpotentials at the interfaces between the Ni and Pt electrodes and the yttria-stabilized zirconia (YSZ) electrolyte are directly measured. The method is validated using electrochemical impedance spectroscopy. Using the overpotentials, which characterize the cell's inefficiencies, we compare without ambiguity the electro-catalytic efficiencies of Ni and Pt, finding that on Ni H 2 O splitting proceeds more rapidly than H 2 oxidation ,while on Pt, H 2 oxidation proceeds more rapidly than H 2 O splitting.
Introduction
Electrochemical technologies offer very efficient (40%-95%) routes to convert and store energy while not introducing carbon-containing species into the atmosphere. Thus, it is widely anticipated that electrochemical technologies will be increasingly used to provide energy that does not contribute to climate change, i.e., carbon-neutral storage and conversion. Batteries, ultra-capacitors, fuel cells and electrolyzers are the most important 1 electrochemical devices used to inter-convert electrical and chemical energy. Fuel cells 2, 3 and electrolyzers 4 are closely related: the former converts fuel to electricity and the latter reverses the process. In fact, a single device can accomplish both tasks, depending if it is fed fuel or driven by electricity.
A natural question is why fuel cells and electrolyzers are not widely used even though they were discovered over 150 years ago 5, 6 ? Part of the answer may be that fuel cells and electrolyzers have suffered from a disproportionately high fraction of top-down research compared to other technologies 7 . That is, the early success at making working devices has led to an emphasis on engineering-based solutions. Innovation resulting from scientific understanding has lagged because essential fundamental knowledge is missing and difficult to obtain. Specifically, which of the basic processes of the charge-transfer reactions 8, 9 limit rates and efficiencies in fuel cells and electrolyzers is still incompletely understood.
The fundamental electrochemical phenomenon in both fuel cells and electrolyzers is the formation of electrical doublelayers across material interfaces, as illustrated in Fig. 1 . Driven by gradients in their chemical and electrical potentials, charged species (electrons and ions) cross through the double-layers from one phase to another. As reviewed in Section 3, every double-layer has an associated potential (difference) that is modified by an "overpotential" when the current is flowing. In fact, the current through a double-layer depends exponentially on its overpotential 10 . An overpotential always decreases the device's power output by reducing the useful potential obtained from a fuel cell and increasing the potential needed to drive an electrolyzer. If the overpotential grows relatively fast with increasing current, the device is inefficient and must be run at low current 11 to minimize the losses.
Many theoretical works have addressed the origin and contributions to overpotentials [12] [13] [14] , but experimental approaches to directly measuring overpotentials are scarce because of large challenges. First, overpotentials only exist when the cell is in operando. Second, they cannot be measured by a contact probe, the traditional approach to measuring potentials on metals and semiconductors -contacting a potential probe to a solid-state electrolyte, which must be electrically insulating, introduces another double-layer, confounding the measurement 10, 15 .
Here we use a new method to measure directly all the overpotentials in a working electrochemical device. Using a newly constructed spatially-resolved ambient-pressure photoemission spectroscopy (APXPS) platform [16] [17] [18] , we employ photoelectrons as a non-contact probe of local electrical po- tential 19, 20 . We use a driven solid-oxide electrochemical cell (SOEC) as a model system to study both fuel cell (H 2 oxidation) and electrolyzer (H 2 O splitting) reactions on Ni and Pt electrodes (Fig. 2) . Sections 3 and 4 describe in detail the potentials and overpotentials expected in this model cell. We then describe the measured overpotentials, which we validate with simultaneous electrochemical impedance spectroscopy (EIS). Analysis of the individual spatially-resolved overpotentials reveals direct information about the charge-transfer reactions. 
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Experimental
The solid electrolyte of the SOEC studied was a wafer of single-crystal yttria-stabilized zirconia (YSZ). The Pt (99.99% pure) and Ni (99.995% pure) electrodes were fabricated on the YSZ by evaporation from crucibles heated by an electron beam under high vacuum conditions (10 −6 Torr). The electrode shape was controlled using a stainless-steel shadow mask positioned in front of the YSZ substrate. Figures 2 and  3a show a schematic and a photograph, respectively, of the SOEC. A specially developed holder was used to electrically contact the SOEC while at high temperature in the H 2 O/H 2 ambient. The holder uses spring-loaded probes to provide reliable electrical contact to the thin-film electrodes and is equipped with a ceramic button-heater compatible with oxidizing atmospheres 21 . A computer-based Gamry potentiostat (model PCI4-750) was used to bias the SOEC and perform standard electrochemical tests. Once the cell was positioned in front of the collection cone of the APXPS spectrometer, 150 mTorr H 2 O was introduced into the chamber, followed by 150 mTorr H 2 . After stabilizing the pressure, the sample was heated from room temperature to about 700 C over the course of 1 hour 22 . These pressures and temperatures were sufficient to produce cell currents up to 200 µA. Temperatures were measured by a two-color pyrometer enabled by blocking the radiation from the heater with a Pt film on the backside of the YSZ wafer. Secondary temperature measurements were obtained by measuring the bulk conductance of YSZ between the electrodes using EIS at zero applied bias. The Ni electrode was assigned to be the working electrode (WE) and was electrically connected to the spectrometer ground. This "Fermi-edge coupling" aligns the Fermi edge of the Ni and the spectrometer. The Pt electrode, assigned as the counter electrode (CE), is biased relative to the grounded Ni electrode. The electrochemical measurements were taken in a two probe configuration (Fig. 3b ).
YSZ Ni
APXPS 16, 17 measurements were performed at the Advanced Light Source (LBNL, Berkeley) beamline 9.3.2. The end-station is equipped with a Scienta R4000 HiPP ambientpressure electron spectrometer. By means of a series of electron lenses and differentially pumped stages, the electron analyzer side is maintained under high vacuum conditions. The spectrometer was optimized in this project to perform 1D spatially-resolved APXPS 18 . The photo-electrons are dispersed by their kinetic energy along the x-axis of the spectrometer's two-dimensional detector. Along the detector's yaxis, the electrons are mapped according to the position that they were emitted from the sample (see Fig. 4 ). Thus, the spectrometer spectrally resolves the electrons with simultaneous 1D spatial resolution. The field-of-view for the spatial resolution dimension is ∼0.6 mm and the resolution is ∼1 µm. To analyze larger areas, the sample holder was translated with high precision using a 4-axis manipulator, as illustrated in Fig. 3b . The resulting data was analyzed by dividing each image into 5 or 10 µm thick slices along the spatial resolution axis. By integrating the counts of every slice along this axis, a standard XPS spectrum of counts vs. kinetic energy was obtained. The beamline energy resolution, which determines the XPS peak widths, is 160 meV at the photon energy used (490 eV).
For obtaining the local electrical potentials of the cell, APXPS spectra were obtained at several values of applied bias. The potentials from the YSZ electrolyte and the Ni and Pt electrodes were measured using the Ni 3p 3/2 , Zr 3d 5/2 and Pt 4f 7/2 XPS core levels, respectively. These elementspecific core levels have sharp XPS peaks and have relatively high cross-sections for the exciting x-rays (490 eV). The peaks were background corrected and fitted to determine their kinetic energies. At each discrete analysis location, the peak positions with and without applied bias were subtracted (to obtain bias ∆ eq φ, as explained in detail in Appendix A). The 910 µm-wide region of YSZ electrolyte (see Fig.3b ) between the electrodes was analyzed using 182 Zr 3d 5/2 spectra separated by 5 µm steps.
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Since driven (electrolyzers) cells are much less discussed than fuel cells in the literature, in this section we review their operation. We then formally define the different types of potentials present in the SOEC. With no applied bias, the SOEC materials are in equilibrium with the gas phase. Furthermore, the gas phase is in equilibrium with itself, so there is no chemical energy that can be extracted. Applying a potential (bias) between the electrodes perturbs this equilibrium. For the Ni/YSZ/Pt cell shown in Fig. 2 , the metallic electrodes then charge by accumulating electrons or holes, depending on the polarity, at their surfaces. These charged electrodes induce a layer of net (ionic) charge of opposite sign in the electrolyte region adjacent to the electrode, forming an electrical double-layer there. The mobile charges in YSZ are O 2− ions 23 , so the YSZ under the positive electrode has an O 2− excess and the YSZ under the negative electrode has an O 2− deficiency, or equivalently, an excess of oxygen vacancies (V •• O ). The electrolyte charge layer is expected to be only a few nanometers thick 24 . Thus, the double-layer is the response of the electrolyte to the electric field created between the electrodes. The charge at the electrolyte interfaces effectively screens the penetrating electric field and maintains the bulk electrolyte at an almost constant potential, reducing its overall electrostatic energy.
The potential of the charged layer is called the outer (Volta) potential ψ and is of coulombic nature 25, 26 . The total (inner or Galvani) potential φ is the sum of the outer potential ψ and the surface potential χ, which is of dipolar nature 25, 26 . The difference between the inner potentials of the electrode/electrolyte adjacent to their interface is defined as the total double-layer potential and is written for the Ni/YSZ interface as:
where ∆ is the difference operator and the Ni/YSZ superscripts represent the Ni-electrode and the YSZ-electrolyte sides of the electrical double-layer, respectively. The total interface overpotential is defined 10 as the change of the inner potential difference between equilibrium (zero external bias) and non-equilibrium (non-zero bias):
or equivalently,
for the Ni/YSZ interface, where φ bias and φ eq are the biased and the equilibrium inner potentials of the interface, respectively, and φ Ni and φ YSZ are the inner potentials at the Ni and YSZ sides of the double-layer, respectively. These total double-layer overpotentials of a driven SOEC have several contributions 15 :
where η bias, Ni−YSZ and η bias, YSZ−Pt are the portions of the externally applied bias that creates the double-layers at the electrode/YSZ interfaces, η ac, Ni−YSZ and η ac, YSZ−Pt are the reaction activation overpotentials and η c, Ni−YSZ and η c, YSZ−Pt are the mass-transfer limitation overpotentials, also called the concentration overpotentials. We note that all the contributions to the overpotential are interrelated 15 and it is not possible to obtain the total overpotentials from independently calculated contributions. As we next review, only the η bias contributions favor the electrochemical reactions.
Electrochemical reactions in a driven SOEC
When the driven SOEC is exposed to gas-phase H 2 and H 2 O, charge-transfer reactions start (Fig. 2) . The electrical and chemical driving forces for the charge-transfer reactions arise from the double-layers at the electrode/electrolyte interfaces, which scale as η bias, Ni−YSZ and η bias, YSZ−Pt . The O 2− and V •• O excess under the electrodes at the opposite sides of the YSZ electrolyte will drive the adjacent bare YSZ surface out of chemical equilibrium with the gas-phase species. Gas/surface reactions then act to return the surface to equilibrium. In addition, the strong electric field produced by the double-layers creates a gradient in the electrochemical free energy of electrons and ionic species involved in the charge-transfer reactions. This gradient causes electrons to cross the electrode/gas interface and the ions to cross the electrolyte/gas interface (in the most general case 27 ). Since charge-transfer reactions involve gas-phase species, electrons, and O 2− ions, they will occur at or close to the threephase boundary (TPB), where the gas phase, electrolyte and electrode meet, and only where a double-layer exists. The overall charge-transfer reaction,
proceeds at the same net rates in the forward and reverse directions at the TPB of the positive and negative electrodes, respectively (see Fig. 2 ). In response to the charge-transfer reactions, the electrolyte produces a net flux of O 2− from the negative to the positive electrode, closing the circuit with the external, fixed-potential power supply. The potential drop arising from the O 2− flux across the YSZ electrolyte is a different type of overpotential, since it does not occur at an interface, but though the electrolyte. It has the form η R = I cell R Y SZ , where I cell is the total cell current and R Y SZ is the electrolyte resistance.
The Butler-Volmer kinetic relationship,
in its simplest form (the high-field approximation 10, 28 ), relates the current density i and the total double-layer overpotentials η. i 0 is the exchange-current density flowing back and forth across the interface when the cell is in equilibrium, and is proportional to the charge-transfer reaction rate. The applied potential difference V cell is distributed across the three overpotentials of the cell:
However, the Butler-Volmer relationship tells us that the total overpotentials of the two electrode/electrolyte interfaces, not V cell , directly controls the current across the interface. Thus, to balance all the currents through the cell at steady state requires a unique, non-trivial set of overpotentials (Eq. 7). By directly measuring these fundamental and highly correlated values, that is, by determining the "potential landscape," SOEC performance can be understood and improved. We next quantify the potential landscape.
Results and discussion
In this section we will describe how we have directly measured the three SOEC overpotentials η Ni−YSZ , η YSZ−Pt and η R of Eq. 7 using APXPS. We then discuss the information contained in the overpotentials. Figure 5 illustrates how the kinetic energy of a Zr XPS peak changes with cell bias. During the SOEC operation, the Pt, Ni, and YSZ surfaces underwent no chemical changes, as revealed through the XPS spectra. That is, the peak shifts with cell bias have no contributions from chemical shifts. Then the kinetic energy changes only arise from changes in the material's inner potential, as shown in Eq. 12 of the Appendix A. Figure 6a plots the element-specific absolute values of E bias K.E. −E eq K.E. = bias ∆ eq φ from the Ni electrode, across the YSZ electrolyte, to the Pt electrode for V cell = −1.2 V. The potentials are constant across the two metal electrodes 29 . The standard deviations of the kinetic energy differences with and without -1.2 V bias are σ(Ni 3p 3/2 ) = 0.012 eV, and σ(Pt 4f 7/2 ) = 0.002 eV for Ni and Pt, respectively. These results show the high precision, roughly 10 meV, at which potentials and potential differences can be measured by the APXPS approach. Since the precision depends mainly on the signalto-noise ratio of the XPS peak, it can be easily improved using greater time averaging, for example. Across the YSZ the potential changes linearly, as documented by the goodness of the least-squares fit to a line y=a+bx: a= 0.783±0.003 eV and b= 5.181×10 −5 ±2.78×10 −6 eV/µm where x is distance. 
Example of a rigid shift in the kinetic energy of a XPS peak when bias is applied across the Ni and Pt electrodes. In the image, the Zr 3d doublet ends at the boundary between the YSZ electrolyte and the grounded Ni electrode. The Zr 3d doublet shifts some fraction of the cell bias V cell because the YSZ inner potential φ changes when a double-layer forms under the Ni electrode.
In Figure 6a the discontinuities in the potentials (i.e., the bias ∆ eq φ values) at the electrode/electrolyte boundaries are the overpotentials, as established by Eq. 3. Because the electrodes are metals, their electrical potential is constant. Thus, the metal has the same potential at the point probed by XPS (point A in Fig. 1 ) and at its buried interface with the YSZ. We use the 1D spatial resolution to measure the inner potential of the bare YSZ at point B in Fig. 1 , which is about 10 µm from the electrode. The YSZ potential at this point and the potential of the YSZ under the electrode differ only by the small ohmic drop through the short YSZ segment. For the operating conditions of our cell, we estimate that this difference introduces an error of less than 1% of η R in the double-layer overpotentials. Table 1 contains all the measured overpotentials and other relevant quantities obtained from the potentiostat and from the XPS data. The sum of all three total overpotentials is ∼ 50 mV lower than V cell , likely due to the resistance of the cables and the contact resistance between the spring-loaded probes and the electrodes. The closeness of the overpotential sum to V cell shows that the measured overpotentials have internal consistency. An additional validity test comes from EIS measurements taken concurrently with the XPS data. Figure 7b shows a potentiostatic Bode plot. As the phase angle goes to zero at high-frequency, the impedance measures the global electrolyte Table 1 ). The plot labels give the net reactions taking place at each electrode's TPB for each given condition. The marker size is proportional to the cell current, I cell .
resistance of the SOEC 30 , giving R Y SZ = 195 ± 20 Ω. Dividing the APXPS-derived overpotential η R by I cell is an alternative way of calculating the electrolyte resistance. As shown in Table 1 the agreement between the two methods is excellent. In addition, this comparison shows that the current in the SOEC is spatially uniform because the value probed by XPS in a localized region agrees with the average full-cell (global) value. These two independent tests validate the methodology of using APXPS as a non-contact method of measuring overpotentials in operando. Table 1 ).
We next discuss what information can be learned from how the individual overpotentials change with V cell . At a given V cell value, both electrodes experience the same current (I cell ), have the same geometry and, thus, the same TPB length. I cell is therefore proportional to both current densities, i Ni−YSZ and i YSZ−Pt . In addition, the electrodes experience the same temperature and the same gas composition and pressure. However, the electrodes have different steady-state overpotentials when current flows, as can be seen in Fig. 6b . The Butler-Volmer relationship (Eq. 6) tells us that electrodes experiencing the same current densities (i Ni−YSZ = i YSZ−Pt ) with different overpotentials must have different exchange-current densities (i 0, Ni−YSZ =i 0, YSZ−Pt ). That is, the electrodes differ in their efficiency in performing the corresponding charge-transfer reaction. We next explore how the exchange-current densities of Pt and Ni compare for the two different cell reactions, H 2 O splitting and H 2 oxidation (Eq. 5).
The Ni overpotentials are always larger than the Pt overpotentials, whether Ni is splitting H 2 O or oxidizing H 2 , i.e., for V cell < 0 and V cell >0, respectively (Fig. 6b) . With the same steady-state current flowing through both electrodes, Eq. 6 then informs us that the larger overpotential of Ni occurs because its exchange-current density is smaller than that of Pt. This must be the case for both electrochemical reactions: (8) where the superscripts W SR and HOR refer to H 2 O splitting and H 2 oxidation reactions, respectively. In other words, Ni needs a bigger fraction of V cell than Pt to compensate for its poor charge-transfer reaction rate. The higher exchangecurrent density of Pt is indicative of its superior electrocatalytic activity, i.e., it is more efficient for catalytic promotion of the charge-transfer reaction. Other contributions might include differences in the micro-structural quality of the electrodes and the accumulation of impurities at the TPB. While the performance difference between Ni and Pt is not at all surprising 31, 32 , we emphasize the directness of our approach to make such determinations.
Comparing the velocities of the H 2 O splitting and H 2 oxidation reactions on the same electrode but at different values of V cell requires accounting for the cell current. We do this by considering the ratio between the overpotential and the current, the faradaic resistance R F =η/I cell , which represents the total reaction resistance. Lower faradaic resistance indicates a faster reaction velocity. When V cell =−0.6 V and V cell = 0.6 V, Ni is performing W SR and HOR, respectively, and R F (Ni,W SR, −0.6 V ) = 3.7×10 −3 Ω and R F (Ni, HOR, 0.6 V ) = 6.7×10 −3 Ω. This comparison shows that H 2 O splitting on Ni is faster than H 2 oxidation. At the same cell voltages, Pt is performing HOR and W SR, respectively, and R F (Pt, HOR, −0.6 V ) = 2.3×10 −3 Ω and R F (Pt,W SR, 0.6 V ) = 3.5×10 −3 Ω. Therefore, H 2 oxidation proceeds more rapidly than H 2 O splitting on Pt.
The cell behaviour at V cell =−0.6 and 0.6 V directly illustrates the importance of the electro-catalyst in the overall SOEC performance -the Ni and Pt electrodes have similar overpotentials but the current is two times greater when hydrogen oxidation occurs on Pt (V cell = −0.6 V).
At V cell =1.2 V, η Ni−YSZ =1.02 V and I cell =32 µA. At the same time, η YSZ−Pt is smaller than at V cell =0.6 V. These observations are explained by the known 33, 34 interfacial oxidation of Ni, which occurs when η Ni−YSZ > 0.4 V . The oxide layer at the interface and the TPB greatly decreases the electrocatalytic activity of the Ni electrode, reducing i 0, Ni−YSZ and consequently increasing η bias, Ni−YSZ and the total Ni overpotential, η Ni−YSZ . Commercial fuel-cells avoid the oxidation of Ni by using porous Ni-YSZ cermets that increase the extent of the Ni electrode TPB and reduce the local current densities, also reducing η Ni−YSZ . Because the current is smaller at 1.2 V than at 0.6 V, η YSZ−Pt is also smaller. The overpotential at the Ni/YSZ interface at V cell =0.6 (η Ni−YSZ =0.37 V) indicates that the Ni interface was not oxidized during these conditions.
Conclusions
We have demonstrated that photo-electron spectroscopy performed in operando at near ambient pressure can measure directly the individual overpotentials in solid-state electrochemical devices. In our simple electrically driven SOEC, the Ni and Pt electrodes are at the same temperature, see the same gas, and have the same symmetric geometry on the YSZ electrolyte. We can then interpret the origins of the changes in the individual overpotentials (η Ni−YSZ , η YSZ−Pt and η R ) with applied bias in terms of the different electro-catalytic activities of Ni and Pt for the H 2 O splitting and H 2 oxidation reactions. We find without ambiguity that H 2 O splitting is faster than H 2 oxidation on Ni, while on Pt H 2 oxidation reaction proceeds more rapidly than H 2 O splitting. In addition, by measuring the portion of the applied bias V cell that is consumed at the Ni/YSZ interface, η Ni−YSZ , we can determine if the Ni at that interface is oxidized under different conditions.
Using photo-electrons as non-contact potential probes in operando allows direct access to all the individual overpotentials of an electrochemical cell. Knowing the "potential landscape," along with the "composition/chemical state landscape," should provide a deeper understanding of the basic mechanisms of fuel-cell and electrolyzer operation and enable improved performance.
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Since µ e does not depend on bias, the bias-induced change in δF E corresponds to:
K.E. = −e bias ∆ eq φ.
If the kinetic energy is measured in eV, e = 1 eV/V and:
That is, by measuring how the kinetic energies of the XPS peaks shift rigidly with bias, the change in inner potential can be measured 46 . In Section 5 we show how this relationship can be combined with the equations in Section 3 to directly measure the total overpotential of a double-layer. We emphasize the key point that the photo-electrons have finite escape depth, ∼1 nm in our experiment. Thus, we are measuring the inner potential changes in the material's near-surface region. In contrast, the surface potential arises from the atomicallysharp discontinuity in the material at its surface.
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